An optically pumped tunable HBr laser has been demonstrated for the first time. The pump source was a singlefrequency Ho:YLF laser and amplifier system, which was locked to the 2064 nm absorption line of HBr. Laser oscillation was demonstrated on 19 molecular transition lines, which included both the R-branch (3870-4015 nm) and the P-branch (4070-4453 nm), by the use of an intra-cavity diffraction grating. Mid-infrared laser output can be generated with an optical parametric oscillator pumped by a 2 μm laser source such as a holmium-doped laser [1, 2] . This all-solid-state approach can lead to efficient, compact, and robust systems. However, optical damage of the nonlinear materials used, e.g., zinc germanium diphosphide (ZGP), can limit scaling of the energy output [1] . Optically pumped molecular lasers are an attractive alternative for high-energy applications. Specifically, HBr lasers have the potential to efficiently oscillate in the 4 μm region [3] [4] [5] . An optically pumped HBr laser was first demonstrated by Miller et al. [3], and it delivered a maximum output energy of 0.85 mJ. The highest reported output energy from such a laser thus far was 2.5 mJ in a 132 ns pulse, which emitted simultaneously on the P(4) and P(5) lines (the energy level diagram is shown in Fig. 1 ), and this result was previously reported by our group [6] . An in-house developed injection seeded single-frequency Ho:YLF ring laser was used as the pump source [7] . This laser was locked to the P(9) HBr absorption line at 2064.12 nm using a reference absorption cell with a Pound-Drever-Hall feedback loop. It delivered energies of up to 70 mJ at a pulse repetition rate of 50 Hz. We subsequently scaled the output to 330 mJ with a Ho: YLF slab amplifier [8] . This solved the main challenge to successfully demonstrate HBr lasers, which is the availability of suitable high-energy, narrowband pump lasers that must be stabilized to an HBr absorption line.
Mid-infrared laser output can be generated with an optical parametric oscillator pumped by a 2 μm laser source such as a holmium-doped laser [1, 2] . This all-solid-state approach can lead to efficient, compact, and robust systems. However, optical damage of the nonlinear materials used, e.g., zinc germanium diphosphide (ZGP), can limit scaling of the energy output [1] .
Optically pumped molecular lasers are an attractive alternative for high-energy applications. Specifically, HBr lasers have the potential to efficiently oscillate in the 4 μm region [3] [4] [5] . An optically pumped HBr laser was first demonstrated by Miller et al. [3] , and it delivered a maximum output energy of 0.85 mJ. The highest reported output energy from such a laser thus far was 2.5 mJ in a 132 ns pulse, which emitted simultaneously on the P(4) and P(5) lines (the energy level diagram is shown in Fig. 1 ), and this result was previously reported by our group [6] . An in-house developed injection seeded single-frequency Ho:YLF ring laser was used as the pump source [7] . This laser was locked to the P(9) HBr absorption line at 2064.12 nm using a reference absorption cell with a Pound-Drever-Hall feedback loop. It delivered energies of up to 70 mJ at a pulse repetition rate of 50 Hz. We subsequently scaled the output to 330 mJ with a Ho: YLF slab amplifier [8] . This solved the main challenge to successfully demonstrate HBr lasers, which is the availability of suitable high-energy, narrowband pump lasers that must be stabilized to an HBr absorption line.
Another challenge is that while the emission lines of the HBr laser lie within the 3-5 μm atmospheric transmission window (Fig. 2) , most of the P-branch transitions are within a CO 2 absorption band. This makes a wavelength selectable laser desirable to alleviate or avoid potential atmospheric absorption. Previously, the suppression of undesired transitions using intra-cavity spectral filters was proposed [4] because lasing on the R-branch as well as the shorter wavelength transitions of the P-branch would fall well within the transmission window. Before this research, lasing on the R-branch had not been demonstrated, which limited the prospects of using HBr lasers for free space propagation. We addressed this by using an intra-cavity diffraction grating to select the HBr laser wavelength. This enabled oscillation on most of the P-branch as well as the R-branch laser transitions shown in Fig. 2 by rotation of the grating.
The HBr oscillator was optically end-pumped on the P(9) transition with 2064.12 nm pulses from the singlefrequency Ho:YLF slab amplifier, which had a linewidth of less than 400 MHz [8] . This allowed pumping and subsequent lasing of a single isotope of HBr at a time as the corresponding isotope energy level mismatch 81 HBr is about 50 GHz [4] . With regards to the P(9) linewidth, we previously found that a value of 430 MHz for the Doppler broadening and 8 MHz per Torr for the pressure broadening gave the best fit to the experimental results [6] . We decided to pump on the P(9) transition at 2064.12 nm where the pump laser performed optimally. This had the added advantage that the pump source itself also coincided with an atmospheric transmission window. The amplifier pulses were approximately 360 ns long and had a maximum energy of up to 330 mJ per pulse at a 50 Hz pulse repetition rate. The 2 μm pump beam exiting the amplifier was astigmatic because of its slab configuration and had to be shaped with cylindrical lenses into a circular, low astigmatic beam before being steered into the HBr setup.
The HBr oscillator setup is shown in Fig. 3 . The linearly polarized 2 μm pump light was split in two with a variable beam splitter consisting of a half-wave plate (WP1) and a polarization-dependent 45°mirror (M1) that was highly reflective (HR) for the vertical polarization (s) and highly transmissive (HT) for the horizontal polarization (p). The pump energy incident on the oscillator could be adjusted by rotating the first half-wave plate (WP1). For this work, the incident oscillator pump power was set to 50 mJ per pulse, with the remaining 280 mJ of transmitted pump light earmarked for an HBr amplifier stage.
A subsequent half-wave plate (WP2) changed the vertically polarized light to horizontally polarized. It was then transmitted through a plate polarizer (M2) and quarter-wave plate (WP3) after which the circularly polarized pump light was double-passed through the oscillator by reflecting off the flat 4 μm output coupler mirror (M4) that was coated highly reflective for 2 μm. Back-reflections into the Ho:YLF amplifier were prevented by the quarter-wave plate (WP3) rotating the 2 μm pump light to vertical on the second pass, which was then reflected by the plate polarizer (M2). The transmitted pump light could then be measured with a power meter or dumped onto a heat sink.
The HBr resonator output coupler mirror (M4), in addition to being highly reflective at 2 μm, had a reflectivity of R 80% at 4 μm. The dichroic input coupler mirror (M3) had a 5 m concave radius of curvature and was coated to be highly reflective at 4 μm and highly transmissive at 2 μm. The pump mirror was slightly tilted to reflect light onto a flat HR 4 μm, HT 2 μm mirror (M5), which in turn was reflected onto the plane ruled diffraction grating (300 lines∕mm) that was blazed at 4.29 μm. The diffraction grating therefore acted as the end-mirror of the HBr resonator. The specified grating reflectivity varied from 95% at 3.8 μm to 85% at 4.5 μm for the s-plane, and it varied from 47% at 3.8 μm to 33% at 4.5 μm for the p-plane. The wavelength could be selected by rotating the grating.
The HBr gas was contained in a 510 mm long absorption cell at a pressure of 73 mbar. It was previously found that the laser performed best at pressures between 50 and 80 mbar. The gas cell's outside wall was kept at a 20°C set point. No buffer gas was used, and the cell contained both isotopes of HBr (50.7%
79 HBr and 49.3% 81 HBr). At 73 mbar, approximately 76% (38 mJ) of the pump light was absorbed under lasing conditions. The HBr gas cell was placed 26 mm away from the output coupler mirror (M4). The cell windows were made from Cleartran with anti-reflective coatings for both 2 and 4 μm light. The pump beam was collimated over the length of the tube and had a radius of 1.5 mm, which matched the resonator mode. Interference from H 2 O and CO 2 absorption lines was lessened by enclosing the oscillator in a box, which was flushed with commercially available synthetic dry air containing no H 2 O or CO 2 .
A total of 19 laser transitions were individually observed on the P-and R-branches. To our knowledge this is the first time that oscillation was observed on the R-branch of HBr. The output energy for each line is shown in Fig. 4 , and a summary of the lasing wavelengths observed is given in Table 1 .
Eleven of the observed lines belonged to the P-branch of the v 2 to v 1 transition, and these ranged from 4070 nm up to 4453 nm. This represented lasing on almost all transitions from P(1) to P(12), with a conspicuous absence of P(6), which was expected at 4229 nm. Despite using synthetic dry air containing no CO 2 to flush the laser enclosure, losses caused by residual CO 2 prevented this line from lasing in addition to affecting energy output of various other P-branch transitions.
Lasing on the P(3) (4134 nm), P(4) (4164 nm), and P(10) (4374 nm) transitions was especially strong compared to the other transitions, with output energies all exceeding 2 mJ per pulse. The highest output energy for the set 50 mJ input energy was 2.4 mJ at 4134 nm, which compared very well with the non-wavelength selected laser reported by us previously [6] where we observed an output of 2.5 mJ for 60 mJ of pump light at an HBr pressure of 60 mbar.
Lasing on eight R-branch transitions was also observed, a first according to the literature [10] . Lasing was demonstrated from R(0) (4015 nm) to R(7) (3870 nm). In general, the laser output energy was lower when compared to lasing on a P-branch transition, as was expected from the lower Einstein A-coefficients [3] . The highest output energy for lasing in the R-branch was obtained from R(1) (4000 nm), R(2) (3977 nm), and R(3) (3953 nm) transitions with a typical energy per pulse of 0.75 mJ. Figure 5 shows the temporal beam profiles of the pump laser and the HBr laser when it was operated on the P(10) transition. The pump duration (FWHM) was approximately 370 ns, and the output pulse width of the HBr laser was 310 ns. The HBr pulse shape was similar to previous work reported upon in [6] . The other transitions exhibited similar temporal behavior.
Apart from transitions P(1) and R(0), the measured wavelengths corresponded well to theory and the literature [3, 6] . It should be possible to demonstrate lasing on even more transitions by pumping harder as well as by implementing a lower loss cavity by using an intra-cavity prism for wavelength selection instead of the optical grating. However, despite the extra loss introduced by the grating, the maximum conversion efficiency of 6.3% with regard to absorbed pump power fell within the 5%-12% region reported upon in [6] . Efficiency could be further increased if cascade lasing occurs from the v 1 to v 0 transition, but this is particularly difficult as the pump does not sufficiently empty the v 0 level for a population inversion to occur [4] . Cascade lasing was not observed in this experiment because much higher pump levels than what were used would be required. Unfortunately, corrosive damage of the HBr cell windows prevented further experimentation.
In summary, tunable 4 μm oscillation was demonstrated for HBr on 19 molecular transition lines for both the R-branch (from 3870 to 4014 nm) and the P-branch (from 4070 to 4453 nm). The highest output energy for the given input energy was 2.4 mJ at 4134 nm when pumped with 50 mJ. It is also noteworthy that this demonstration represents a tuning range of 583 nm, with numerous transitions below the strong CO 2 atmospheric absorption feature in the 4-5 μm region. This makes HBr a feasible alternative to optical parametric generation for free space propagation, and it shows good energy scaling potential.
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